Water-based nanoparticle (NP) organic solar cells eliminate the need for harmful organic solvents during deposition. However, the core-shell NP structure should limit charge extraction resulting in poor performance. Here, we use dynamic Monte Carlo modelling to show that for optimised NP structures the core-shell character does not severely limit performance. Simulations further reveal that small NPs are more susceptible to extensive phase segregation, which diminishes charge carrier percolation pathways from the cores to the electrodes and thus inhibits charge extraction. Simulated performance behaviour was used to propose an explanation for the experimentally observed change in performance due to annealing. V C 2013 AIP Publishing LLC.
Aqueous nanoparticle (NP) morphologies offer the prospect of direct control of domain size whilst simultaneously eliminating the need for hazardous organic solvents during the device fabrication process. [1] [2] [3] [4] As such, nanoparticle based organic photovoltaics (NP-OPVs) have considerable advantages over standard bulk heterojunction (BHJ) devices in terms of environmental, health, and safety issues. 5, 6 The NPs typically adopt a core-shell morphology, 4, 7, 8 which for poly (3-hexylthiophene) (P3HT): [6, 6] -phenyl-C61-buteric acid methylester (PCBM) core-shell structures, consists of an almost pure PCBM core and a P3HT rich (roughly 70%) shell. 7 This P3HT rich (and hence PCBM depleted) shell should limit electron extraction due to reduced coreelectrode charge carrier pathways. However, P3HT:PCBM NP-OPVs have been fabricated with efficiencies similar to those of the corresponding unannealed BHJ devices. 7 These strides in efficiency were achieved by carefully controlling and optimising the nanostructure. However, a specific theoretical investigation of the core-shell structure and its impact on photovoltaic (PV) performance is currently lacking.
Dynamic Monte Carlo (DMC) models are a powerful tool for analysing morphological effects upon exciton generation and charge transport in OPVs. Indeed, BHJ, [9] [10] [11] [12] columnar, 9, 11, 12 bilayer, 11, 12 and gyroid 12 morphologies have all been investigated using DMC models. Furthermore, DMC models can quantitatively describe OPVs, 13 including standard P3HT:PCBM BHJ solar cells.
14 In this letter, a DMC investigation of core-shell structures is presented. Internal quantum efficiency (IQE) and short-circuit current (J sc ) are modelled for both NP and BHJ morphologies. Finally, DMC modelling is used to explain experimentally measured results.
The DMC model has been described previously. 14, 15 In short, the morphology was a discretized 3D lattice consisting of 1Â1Â1 nm voxels. Each voxel represents either electron donor material or electron acceptor material (see supplementary material for the corresponding energy levels 22 ). BHJ morphologies were constructed using the cellular automata method described previously. 15, 16 Excitons are created in the system according to the optical field, which was assumed to be uniform throughout the active layer. This simplification negates effects due to the different optical properties of the NP and BHJ structures and thus allowed us to isolate morphological effects. Exciton hopping transport was modelled using F€ oster Resonance Energy Transfer theory taking into account energetic disorder. Following exciton dissociation, charge carrier hopping behaviour was modelled using Marcus theory; taking into account energetic disorder, the internal electric field set up by the work function difference of the electrodes, Coulomb interaction, and image charge induced at the electrodes. Adjacent charge carriers of opposite polarity are allowed to recombine with a fixed charge carrier recombination rate. Charge extraction at the electrode interface is also modelled using Marcus theory. In the DMC model, charge carriers are confined to their associated moieties. Even though a general analysis, which is not specific to any material system, of the core-shell structure is provided, the parameters used in the model are largely tuned towards describing P3HT:PCBM devices (see supplementary material 22 ). Performance parameters were determined when the system was in steady state, i.e., when the charge carrier population did not significantly change any more. DMC simulations were run 5 times for each configuration and the average of the performance parameters was determined.
Scanning transmission X-ray microscopy (STXM) measurements were conducted at the Advanced Light Source on beamline 5.3.2.2 (Ref. 17) and were used to obtain P3HT and PCBM composition maps as described previously. 4, 7, 18 The P3HT:PCBM ratio of the virtual morphologies was 1:1; consistent with the P3HT:PCBM ratio used in device fabrication. 7, 19 A core-shell structure was obtained by placing a spherical core amidst a random P3HT:PCBM mixture, which a) corresponds with the STXM composition maps ( Figure  1(a) ). Consistent with previous studies, the core was set to be pure PCBM. 4, 7 STXM measurements show that the shell composition consists predominantly of P3HT, 7 but varies between 65% and 76%. 7, 19 In order to evaluate the most limiting case of the core-shell structure, we chose a concentration of 75% for P3HT in the shell, which is at the upper limit of experimental observation. The core-shell structure can be spatially defined (Figure 1(b) ) by the diameter of the cores, d, and half the distance between adjacent cores, s, which is the shell thickness. The NP size as measured using dynamic light scattering (described previously 4, 19, 20 ) consists of both the diameter of the core and width of the shell, i.e., NP size ¼ d þ 2s. We investigated morphologies with d:s ratios of 4 and 10, since particles with these d:s ratios were observed in the measured composition maps. The d:s ratio was seen to vary between roughly 3 and 10. The feature size (/), which is defined as
(where V is the volume and A is the heterointerface area), considerably affects exciton dissociation, 15 charge recombination, 11 and thus IQE. 9 As such, the same cellular automata algorithm that was used to create the BHJ morphologies was also applied to the core-shell structures. This blend coarsening algorithm decreases the number of disconnected volumes, while still maintaining the core-shell character of the structure (Figure 1(c) ). However, the P3HT shell concentration was observed to increase. The largest average deviation (12%) of the composition profiles before and after the swapping procedure occurred for the smallest NP size with the largest feature size. The relationship between thickness and NP size relation indicates that NP films consist of three NP layers (see supplementary material 22 ). Hence, virtual morphologies were constructed by stacking three NPs on top each other. For simplicity and computational efficiency, we assume that the nanoparticle layers stack in a primitive cubic fashion, i.e., an NP size of 30 nm results in an active layer thickness of 90 nm. The x-and y-dimensions of the lattice were twice the NP size so that each simulated structure contained 12 NPs. However, periodic boundaries were invoked in the x-and y-directions, which means that the virtual devices have an infinite effective area. Figure 2 (a) shows IQE and exciton dissociation efficiency (EDE) as a function of NP size and thickness for a BHJ morphology with a feature size of 14.2 nm as well as core-shell structures with feature sizes of 14.1 nm (similar to a standard BHJ structure 14 ) and 3.6 nm. Both core-shell structures had a d:s ratio of 10. While exciton dissociation is most efficient for the structure with a small feature size, EDE only marginally decreased with increasing feature size and was the same (to within the simulation standard deviation) for the BHJ and core-shell structure of similar feature size. Hence, in the case of core-shell and BHJ structures, EDE depends primarily upon the feature size and less on the specific nature of the structure. Since the photoluminescence is less for NP devices compared to BHJ devices, 7 the feature size is likely to be smaller in the NP devices despite using the same annealing conditions as for the BHJ devices. Since little change in EDE is observed, the observed drop in IQE with thickness arises mainly from decreased charge extraction efficiency (increased charge recombination) for both the BHJ and core-shell structures. Indeed, the core-shell structure with the small feature size (and hence few charge carrier percolation pathways to the electrodes) exhibits low J SC (and hence poor charge extraction) irrespective of NP size. However, the core-shell structure with the larger feature size (14.1 nm) does exhibit a J SC that is strongly dependent on NP size. Although charge recombination increases with thickness, thicker layers generate more charge due to increased light absorption and hence J SC generally exhibits a maximum as a function of thickness. 21 Figure 2(b) reveals that core-shell and BHJ structures with comparable feature size exhibit comparable IQE and J SC for film thicknesses below 140 nm (roughly J SC optimised thickness for the coreshell structure). The thickness regime below 140 nm is relevant as peak efficiency of P3HT:PCBM devices occurs at a film thickness of 85 nm.
14 Hence, the DMC results show that, for these morphologies and frequently used film thickness regime, the core-shell OPV devices approach the efficiency of the BHJ devices.
The simulations were repeated for a range of core-shell structures with a d:s ratio of 4. The corresponding IQE and J SC as a function of feature size are shown in Figure 3 . As before, the EDE depends predominantly on feature size (for the chosen exciton diffusion lengths) and not on NP size. Consequently, variations in IQE reflect changes in charge recombination. In thin layers (and thus small NP size) IQE is generally higher (see Figure 2(a) ), because charge carriers only need to travel a short distance to reach the electrodes.
In the case of the smallest NP size (24 nm), however, the IQE rapidly drops for feature sizes above 6 nm, resulting in a maximum IQE for an NP size of 30 nm. The reason for this unexpected drop in IQE can be found in the corresponding composition maps (Figure 4) . Initially, the cores are immersed in a mixture of P3HT and PCBM, but as feature size increases the components phase segregate and, for feature sizes larger than 6 nm, the mixed region disappears and pure domains of either PCBM or P3HT are formed. For the 24 nm NPs, extensive phase segregation occurs and thus percolation pathways from the PCBM cores to the electrodes are greatly reduced. These DMC simulations are in excellent agreement with recent experimental observations of gross phase segregation in NP devices correlated to poor device performance 7, 19 and confirm that electron extraction is inhibited as a result of extensive phase segregation.
This extensive phase segregation was only observed for the smallest NP size; structures with larger NPs retained the mixed region and looked similar to the series shown in Figure  1 (c) up to the maximum feature size investigated (14.4 nm) . Hence, the highest IQE was achieved for the smallest NPs (i.e., thin layers) that do not exhibit extensive phase segregation, but still have a large feature size (i.e., 14.2 nm).
As a result of the trade-off between IQE and light absorption with increasing thickness, virtual devices with a NP size between 30 and 54 nm exhibit similar high J SC values (Figure 3(b) ). This size range is only indicative since the precise range of NP sizes that will exhibit high J SC will depend on the details of the spatial distribution of the optical field, which was assumed constant for this study. However, this result does reveal that real NP devices containing a range of NP sizes 4, 8 can generate broadly similar high J SC values.
Real P3HT:PCBM NP devices with varying NP size were fabricated and I-V curves were measured before and after annealing. Annealing conditions (140 C for 4 min) were optimised for efficiency as shown in the supplementary material. 22 Our device fabrication procedure has been described previously. 7 Device characterisation was achieved using J-V curve measurements as described previously. 4, 19, 20 The highest measured values of J SC and power conversion efficiency (g) were at the NP size of 36 nm for pristine devices and 33 nm for annealed devices ( Figure 5, inset) , which correlates well with the optimum predicted by DMC simulations for the NPs with a d:s ratio of 4. The simulated structures with a d:s ratio of 10 exhibited a maximum at 45 nm. Consequently, real devices are likely to be dominated by structures with a d:s ratio close to 4, i.e., core-shell structures with a relatively thick shell. Figure 5 reveals that J SC decreases after annealing for NP sizes less than 42 nm. In light of the DMC results discussed in this letter, annealing these smaller NPs produces gross phase segregation, which inhibits electron extraction. By comparison, for devices with larger NPs, mixed P3HT:PCBM regions with electron pathways to the electrodes are likely to be retained (and improved) after annealing resulting in the observed increase in J SC .
In conclusion, DMC simulations show that structures with a core-shell character are not severely limited by charge recombination when optimised for NP size and feature size. In fact, similar IQE and J SC as BHJ structures are predicted for optimised core-shell structures; demonstrating that the NP approach, which allows for printing from water as opposed to harmful organic solvents, is a viable alternative to standard BHJ fabrication. The DMC simulations reveal that small NPs are more susceptible to extensive phase segregation, which diminishes charge carrier percolation pathways from the cores to the electrodes and thus inhibits charge extraction. On the other hand, a structure characterised by a very small feature size may also have limited charge carrier pathways to the electrodes. Hence, it is crucial to optimise annealing conditions to prevent severe charge recombination. A real NP device contains NPs with a range of sizes. Optimum annealing conditions depend on NP size and cannot be assumed to be the same across a range of NP sizes. DMC simulations predict high J SC values for an approximately 25 nm range of NP sizes. Real NP devices were fabricated and the empirically determined optimum NP size correlates well with DMC results suggesting that the devices are dominated by NPs with a relatively thick shell. Finally, the phase segregation behaviour seen in DMC simulations was used to propose an explanation for the experimentally observed change in J SC due to annealing. 
